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Pan-American mitochondrial DNA (mtDNA) haplogroup C1 has been recently subdivided into three branches, two of
which (C1b and C1c) are characterized by ages and geographical distributions that are indicative of an early arrival from
Beringia with Paleo-Indians. In contrast, the estimated ages of C1d—the third subset of C1—looked too young to fit the
above scenario. To define the origin of this enigmatic C1 branch, we completely sequenced 63 C1d mitochondrial genomes
from a wide range of geographically diverse, mixed, and indigenous American populations. The revised phylogeny not
only brings the age of C1d within the range of that of its two sister clades, but reveals that there were two C1d founder
genomes for Paleo-Indians. Thus, the recognized maternal founding lineages of Native Americans are at least 15, indicating
that the overall number of Beringian or Asian founder mitochondrial genomes will probably increase extensively when all
Native American haplogroups reach the same level of phylogenetic and genomic resolution as obtained here for C1d.
[Supplemental material is available online at http://www.genome.org. The sequence data from this study have been
submitted to GenBank (http://www.ncbi.nlm.nih.gov/genbank) under accession nos. HM107306–HM107368.]
While debate is still ongoing among scientists from several disci-
plines regarding the number ofmigratory events, their timing, and
entry routes into the Americas (Wallace and Torroni 1992; Torroni
et al. 1993; Forster et al. 1996; Kaufman and Golla 2000; Goebel
et al. 2003, 2008; Schurr and Sherry 2004;Wang et al. 2007;Waters
and Stafford 2007; Dillehay et al. 2008; Gilbert et al. 2008a;
O’Rourke and Raff 2010), the general consensus is that modern
Native American populations ultimately trace their gene pool to
Asian groups who colonized northeast Siberia, including parts of
Beringia, prior to the last glacial period. These ancestral pop-
ulation(s) probably retreated into refugial areas during the Last
Glacial Maximum (LGM), where their genetic variation was
reshaped by drift. Thus, pre-LGM haplotypes of Asian ancestry
were differently preserved and lost in Beringian enclaves, but at
the same time, novel haplotypes and alleles arose in situ due to
new mutations, often becoming predominant because of major
founder events (Tamm et al. 2007; Achilli et al. 2008; Bourgeois
et al. 2009; Perego et al. 2009; Schroeder et al. 2009). The scenario
of a temporally important differentiation stage in Beringia ex-
plains the predominance in Native Americans of private alleles
and haplogroups such as the autosomal 9-repeat at microsatel-
lite locus D9S1120 (Phillips et al. 2008; Schroeder et al. 2009), the
Y chromosome haplogroup Q1a3a-M3 (Bortolini et al. 2003;
Karafet et al. 2008; Rasmussen et al. 2010), and the pan-American
mtDNA haplogroups A2, B2, C1b, C1c, C1d, D1, and D4h3a
(Tamm et al. 2007; Achilli et al. 2008; Fagundes et al. 2008; Perego
et al. 2009).
In the millennia after the initial Paleo-Indian migrations,
other groups from Beringia or eastern Siberia expanded into North
America. If the gene pool of the source population(s) had in the
meantime partially changed, not only because of drift, but also due
to the admixture with population groups newly arrived from re-
gions located west of Beringia, this would have resulted in the
entry of additional Asian lineages into North America. This sce-
nario, sometimes invoked to explain the presence of certain
mtDNA haplogroups such as A2a, A2b, D2a, D3, and X2a only in
populations of northernNorthAmerica (Torroni et al. 1992; Brown
et al. 1998; Schurr and Sherry 2004; Helgason et al. 2006; Achilli
et al. 2008; Gilbert et al. 2008b; Perego et al. 2009), has recently
received support from nuclear and morphometric data showing
that some native groups from northern North America harbor
stronger genetic similarities with some eastern Siberian groups
than with Native American groups located more in the South
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(Gonza´lez-Jose´ et al. 2008; Bourgeois et al. 2009; Wang et al. 2009;
Rasmussen et al. 2010).
As for the pan-American mtDNA haplogroups, when ana-
lyzed at the highest level of molecular resolution (Bandelt et al.
2003; Tamm et al. 2007; Fagundes et al. 2008; Perego et al. 2009),
they all reveal, with the exception of C1d, entry times of 15–18
thousand years ago (kya), which are suggestive of a (quasi) con-
comitant post-LGM arrival from Beringia with early Paleo-Indians.
A similar entry time is also shown for haplogroup X2a, whose re-
stricted geographical distribution in northern North America ap-
pears to be due not to a later arrival, but to its entry route through
the ice-free corridor (Perego et al. 2009). Despite its continent-wide
distribution, C1d was hitherto characterized by an expansion time
of only 7.6–9.7 ky (Perego et al. 2009). This major discrepancy has
been attributed to a poor and possibly biased representation of
complete C1d mtDNA sequences (only 10) in the available data
sets (Achilli et al. 2008; Malhi et al. 2010). To clarify the issue of
the age of haplogroup C1d and its role as a founding Paleo-Indian
lineage, we sequenced and analyzed 63 C1d mtDNAs from pop-
ulations distributed over the entire geographical range of the
haplogroup.
Results
The phylogeny of haplogroup C1d
The phylogeny encompassing the novel 63 C1d sequences (Fig. 1),
plus 10 previously published mtDNA genomes (Achilli et al. 2008;
Malhi et al. 2010), revealed that not all C1d sequences are defined
by the mutational motif 7697-16051, as previously suggested
(Achilli et al. 2008; Malhi et al. 2010). About 18% of the C1d
mtDNAs, with representatives in both North and South America,
formed a paragroup (C1d*) lacking the coding-region transition at
nucleotide position (np) 7697. This finding suggests that only the
control-region mutation at np 16051 is ancestral to the entire haplo-
group, and the mutational event at np 7697 occurred later, mark-
ing one (major) C1d branch, here termed C1d1, which is also
represented all over the double continent. Moreover, the control
region mutation at np 194 was observed in mtDNAs belonging to
both C1d* and C1d1 and in ;60% of the C1d samples in public
databases, thus indicating that, alongside 16051, it is most likely
a basal mutation for the entire C1d haplogroup, but somewhat
prone to back mutation as also testified to by one heteroplasmic
instance in Figure 1 and its mutation rate as scored (12) in Soares
et al. (2009).
Age estimates of haplogroup C1d
The maximum-likelihood (ML) divergence based on the complete
mtDNA sequence for the entire C1d haplogroup of 0.0074 6
0.00019 substitutions per site corresponds to a divergence time of
18.7 6 1.4 ky according to the mutation rate calibrated by Soares
et al. (2009). TheML divergences for C1d* and C1d1 are not much
lower than that of the entire C1d and virtually identical to each
other with values of 0.0061 6 0.00019 and 0.0068 6 0.00015
substitutions per site, corresponding to divergence times of 16.26
2.1 ky and 16.2 6 1.1 ky, respectively (Fig. 1). These divergence
ages are confirmed when the average distance of the haplotypes
from the root of C1d, C1d*, and C1d1 (r-statistics) are computed
(Table 1). In this case, the time to the most recent common an-
cestor for C1d is 18.8 6 2.8 ky when using the sequence variation
of the entire genome (Soares et al. 2009), and 14.9 6 1.9/15.1 6
1.8 kywhen only synonymousmutations are considered (Loogva¨li
et al. 2009; Soares et al. 2009). As for C1d* and C1d1, rho age es-
timates are ;14–18 ky and 14–17 ky, respectively.
Discussion
Overall, the new data confirm that the coalescence time previously
reported for C1d was indeed heavily underestimated and indicate
that C1d as a whole is ancient enough to be among the founding
Paleo-Indian mtDNA lineages. The Americas present a particular
difficulty for the identificationof foundermitochondrial genomes.
In other geographical contexts, founders can be identified as se-
quence matches between the putative source and settled regions.
In our case, the source population does not exist anymore, so that
the criterion of matching cannot be used. Thus, the identification
of founder Paleo-Indian mtDNA sequences is based on the evalua-
tion of two remaining parameters: the coalescence time and the
geographical distribution of the derivedhaplogroup/subhaplogroup
from the postulated founder. Coalescence times of C1d* and C1d1
are very similar to those reported for haplogroups A2, B2, C1b,C1c,
D1, D4h3a, and X2a (Perego et al. 2009). Moreover, both C1d* and
C1d1 mtDNAs are found in North, Central, and South America.
Therefore, it is most likely that the founding Paleo-Indian pop-
ulation(s), who entered the Americas about 15–17 kya, harbored
not only one, but two founding C1d sequences—one corre-
sponding to the C1d node and one already characterized by the
mutation at np 7697 corresponding to the C1d1 node (Fig. 1). As
for the other newly defined sub-branches within C1d* and C1d1,
both age estimates (Table 1) and geographical distributions (Fig. 1)
Table 1. Rho estimates of relevant nodes in the C1d phylogeny
Entire mitochondrial genome Only synonymous mutations
Node/Clade Na r s Tb (ky) DTb (ky) Na r s Tb (ky) DTb (ky) Tc (ky) DTc (ky)
C1d 71 6.94 0.97 18.8 2.8 73 1.89 0.24 14.9 1.9 15.1 1.8
C1d* 13 5.46 0.89 14.7 2.5 13 2.31 0.59 18.2 4.6 18.5 4.3
C1d1 58 6.28 0.60 17.0 1.7 60 1.80 0.26 14.2 2.0 14.4 2.1
C1d2 5 4.40 1.36 11.7 3.7 5 1.00 0.45 7.9 3.5 8.0 3.6
C1d1a 5 6.00 1.70 16.2 4.8 5 2.40 1.10 18.9 8.5 19.2 8.8
C1d1b 11 3.09 0.92 8.1 2.5 11 1.73 0.82 13.6 6.3 13.8 6.6
C1d1c 7 3.29 1.38 8.7 3.7 7 0.14 0.14 1.1 1.1 1.1 1.1
See Methods section for additional information.
aNumber of mtDNA sequences.
bUsing the corrected molecular clock proposed by Soares et al. (2009).
cAccording to the recalibrated synonymous rate of Loogva¨li et al. (2009).
Genome Research 1175
www.genome.org
Origin of Native Americans: New mtDNA evidence
 Cold Spring Harbor Laboratory Press on September 13, 2010 - Published by genome.cshlp.orgDownloaded from 
F
ig
u
re
1
.
D
e
ta
ile
d
tr
e
e
o
f
C
1
d
in
th
e
co
n
te
x
t
o
f
h
a
p
lo
g
ro
u
p
C
1
.
A
ll
7
3
C
1
d
m
tD
N
A
se
q
u
e
n
ce
s
(6
3
n
o
ve
la
n
d
1
0
p
u
b
lis
h
e
d
)
a
re
co
m
p
le
te
e
x
ce
p
t
fo
r
sa
m
p
le
s
3
6
a
n
d
6
5
,
fo
r
w
h
ic
h
o
n
ly
co
d
in
g
-r
e
g
io
n
d
a
ta
a
re
a
va
ila
b
le
.
T
h
e
b
a
sa
l
m
o
ti
fs
fo
r
N
a
ti
ve
A
m
e
ri
ca
n
h
a
p
lo
g
ro
u
p
s
C
1
b
a
n
d
C
1
c
a
re
a
ls
o
in
cl
u
d
e
d
to
g
e
th
e
r
w
it
h
th
e
m
o
ti
f
o
f
th
e
A
si
a
n
-s
p
e
ci
fi
c
b
ra
n
ch
C
1
a
.
T
h
e
p
o
si
ti
o
n
o
f
th
e
re
vi
se
d
C
a
m
b
ri
d
g
e
re
fe
re
n
ce
se
q
u
e
n
ce
(r
C
R
S
)
(A
n
d
re
w
s
e
t
a
l.
1
9
9
9
)
is
in
d
ic
a
te
d
fo
r
re
a
d
in
g
o
ff
-s
e
q
u
e
n
ce
m
o
ti
fs
.M
u
ta
ti
o
n
s
a
re
sh
o
w
n
o
n
th
e
b
ra
n
ch
e
s;
th
e
y
a
re
tr
a
n
si
ti
o
n
s
u
n
le
ss
a
b
a
se
is
e
x
p
lic
it
ly
in
d
ic
a
te
d
.T
h
e
p
re
fi
x
@
d
e
si
g
n
a
te
s
re
ve
rs
io
n
s,
w
h
ile
su
ff
ix
e
s
in
d
ic
a
te
tr
a
n
sv
e
rs
io
n
s
(t
o
A
,
G
,
C
,
o
r
T
),
in
d
e
ls
(+
,
d
),
g
e
n
e
lo
cu
s
(;
t,
tR
N
A
;
;
r,
rR
N
A
;
;
n
c,
n
o
n
co
d
in
g
re
g
io
n
o
u
ts
id
e
o
f
th
e
co
n
tr
o
l-
re
g
io
n
),
sy
n
o
n
y
m
o
u
s
o
r
n
o
n
sy
n
o
n
y
m
o
u
s
ch
a
n
g
e
s
(s
o
r
n
s)
,a
n
d
T
/C
h
e
te
ro
p
la
sm
y
(Y
).
R
e
cu
rr
e
n
t
m
u
ta
ti
o
n
s
w
it
h
in
th
e
p
h
y
lo
g
e
n
y
a
re
u
n
d
e
rl
in
e
d
.
W
e
h
a
ve
fo
llo
w
e
d
th
e
g
u
id
e
lin
e
s
fo
r
st
a
n
d
a
rd
iz
a
ti
o
n
o
ft
h
e
a
lig
n
m
e
n
t
in
lo
n
g
C
st
re
tc
h
e
s
(B
a
n
d
e
lt
a
n
d
P
a
rs
o
n
2
0
0
8
),
b
u
t
d
is
re
g
a
rd
e
d
a
n
y
le
n
g
th
va
ri
a
ti
o
n
in
th
e
C
-s
tr
e
tc
h
b
e
tw
e
e
n
n
u
cl
e
o
ti
d
e
s
3
0
3
a
n
d
3
1
5
,
w
it
h
th
e
e
x
ce
p
ti
o
n
o
f
th
e
w
e
ll-
kn
o
w
n
3
1
5
+
C
in
se
rt
io
n
.
A
d
d
it
io
n
a
l
in
fo
rm
a
ti
o
n
re
g
a
rd
in
g
e
a
ch
m
tD
N
A
is
a
va
ila
b
le
in
S
u
p
p
le
m
e
n
ta
l
T
a
b
le
S
1
.
C
o
a
le
sc
e
n
ce
ti
m
e
s
sh
o
w
n
fo
r
C
1
d
,
C
1
d
*,
a
n
d
C
1
d
1
a
re
m
a
x
im
u
m
-l
ik
e
lih
o
o
d
(M
L)
e
st
im
a
te
s,
w
h
ile
th
e
co
rr
e
sp
o
n
d
in
g
a
ve
ra
g
e
d
d
is
ta
n
ce
(r
)
a
cc
o
m
p
a
n
ie
d
b
y
a
h
e
u
ri
st
ic
e
st
im
a
te
o
f
S
E
(s
)
a
re
sh
o
w
n
in
T
a
b
le
1
.
A
s
fo
r
th
e
g
e
o
g
ra
p
h
ic
a
ff
ili
a
ti
o
n
(t
o
p
le
ft
co
rn
e
r)
,
N
o
rt
h
A
m
e
ri
ca
re
fe
rs
to
U
S
A
a
n
d
C
a
n
a
d
a
;
n
o
rt
h
e
rn
S
o
u
th
A
m
e
ri
ca
re
fe
rs
to
C
o
lo
m
b
ia
,
V
e
n
e
zu
e
la
,
E
cu
a
d
o
r,
P
e
ru
,
a
n
d
B
ra
zi
l;
so
u
th
e
rn
S
o
u
th
A
m
e
ri
ca
co
rr
e
sp
o
n
d
s
to
C
h
ile
,
A
rg
e
n
ti
n
a
,
U
ru
g
u
a
y
,
a
n
d
P
a
ra
g
u
a
y
.
Perego et al .
1176 Genome Research
www.genome.org
 Cold Spring Harbor Laboratory Press on September 13, 2010 - Published by genome.cshlp.orgDownloaded from 
are most compatible with an origin, either in North America
(C1d1a, C1d1c) or South America (C1d1b, C1d2) at intermediate
stages of the in situ differentiation of local Native American
groups.
Also, in the Americas, similar to other continents (Kayser
2010; O’Rourke and Raff 2010; Renfrew 2010; Soares et al. 2010;
Stoneking and Delfin 2010), a systematic survey of mtDNA varia-
tion based on whole-genome sequencing makes it possible to
dissect haplogroups into branches and sub-branches (and so on)
often distinguished, as in the case of C1d, C1d1, and C1d1a, by a
single mutation. Once this (maximum) level of phylogenetic and
genomic resolution is reached, it becomes possible to identify all
different mtDNA sequences that might have participated in a col-
onization or migratory event. As for Native Americans, within the
last few years the overall number of recognizedmaternal founding
lineages has gone from just five (A2, B2, C1, D1, and X2a) to
a current count of 15 (Fig. 2). Most likely, the number of Beringian
or Asian founder mitochondrial genomes will further increase
when Native American haplogroups reach the same level of reso-
lution as obtained here for C1d, and as previously reported for
D4h3a and X2a (Perego et al. 2009). This can be achieved, as
demonstrated by the frequency patterns shown in Figure 3,
through the analysis of not only Native American tribes or com-
munities, but also the general mixed population of national states.
Indeed, the substantial overlap of C1d distributions indicates that,
Figure 2. MtDNA tree encompassing the roots of all known Native
American haplogroups. The distinguishing mutational motifs for the 15
known Native American haplogroups are reported on the branches. The
position of the revised Cambridge reference sequence (rCRS) (Andrews
et al. 1999) is indicated for reading off-sequence motifs. Mutations in the
control region are in red, while mutations in the coding region are listed in
black; they are transitions unless a base is explicitly indicated. The prefix @
designates reversions, while suffixes indicate transversions (to A, G, C, or
T), indels (+, d). Recurrent mutations within the tree are underlined. The
percent frequency of each Native American haplogroup in the entire
double continent is reported in parentheses and has been obtained from
the Sorenson Molecular Genealogy Foundation Mitochondrial (SMGF)
mtDNA database (http://www.smgf.org) (entire control region) exclud-
ing all non-Native American mtDNAs. For each haplogroup, the relative
frequencies in northern America (Canada and USA), Mexico, Central
America, and South America are reported in different colors in the corre-
sponding pie chart. Some haplogroups are completely absent in the SMGF
mtDNA database because either they are extremely rare (X2g) or harbor
a restricted distribution range (D3 in the Eskimos and Aleuts). For C4c,
C1d*, and C1d1 frequency values are not available (n.a.) due to the lack of
distinguishing control region mutations, but the overall C1d incidence
(C1d* plus C1d1) is reported.
Figure 3. Spatial frequency distribution of haplogroup C1d. The top
map shows the frequency distribution of haplogroup C1d in general
mixed populations of national states, while the bottom map illustrates the
distribution in Native American tribes or communities. Note that the fre-
quency scales (%) used in the twomaps are different. The dots indicate the
geographic location of the population samples included in each survey
(Supplemental Tables S2, S3). Frequency maps were obtained as in Pala
et al. (2009).
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despite the extensive genetic input from Old World populations
(mainly from Europe and Africa), general populations of the dou-
ble continent retain a substantial fraction of the local Native
American mtDNA pool. If applied to the northern American
haplogroups A2a, A2b, D2a, and D3, such a level of phylogenetic
resolution will also allow an accurate evaluation of more recent
(post-Paleo-Indian) events of gene flow from Beringia or Eastern
Siberia, such as that recently identified by sequencing the genome
of an ancient Palaeo-Eskimo (Rasmussen et al. 2010).
Methods
Analysis of mtDNA sequence variation
Candidate C1d mtDNAs were identified and selected based on the
presence of the C1 control region motif (73, 249d, 263, 290–291d,
315+C, 489, 522–523d, 16223, 16298, 16325, 16327), plus the C1d
diagnostic transition at np 16,051 (Achilli et al. 2008). For all
subjects, an appropriate informed consent was obtained and in-
stitutional review boards at the various organizations involved
with the current study approved all procedures. Sequencing of
entire mtDNAs and phylogeny construction were performed as
previously described (Torroni et al. 2001; Achilli et al. 2005).
Maximum likelihood analysis
We used PAML 3.13 (Yang 1997), assuming the HKY85 mutation
model (with indels ignored, as usual) with gamma-distributed rates
(approximated by a discrete distribution with 32 categories) and
three partitions: HVS-I (positions 16051–16400), HVS-II (positions
68–263), and the remainder. We performed the analysis in two
ways: (1) using the entire data set reported in Figure 1; and (2) using
only the C1d* sequences in order to calculate the divergence of
this paragroup. The age estimates were extrapolated using the cor-
rected mutation rate of Soares et al. (2009).
Rho statistics
We compared the ML estimates with those directly obtained from
converting the averaged distance (r) of the haplotypes of a clade to
the respective root haplotype, accompanied by a heuristic estimate
of the standard error (s) calculated from an estimate of the gene-
alogy (Saillard et al. 2000); see Table 1. This calculation was per-
formed on the entiremtDNAhaplotypes (excluding themutations
16182C, 16183C, 16194C, and 16519) and repeated considering
only synonymous mutations. Mutational distances were con-
verted into years using the corrected molecular clock proposed by
Soares et al. (2009) and the recalibrated synonymous rate of
Loogva¨li et al. (2009). The differences between the ML and r es-
timators of the coalescence ages based on the entire mtDNA
sequence are very minor (<1.5%) for the three major clades (C1d,
C1d1, and C1d*).
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